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Abstract
The rate at which signals can be transmitted between single neurons limits the
speed of information processing. Cerebellar mossy fibre boutons are able to main-
tain synchronous neurotransmitter release at very high action potential frequen-
cies, up to ∼ 1 kHz. The neurotransmitter release occurs at the presynaptic
active zone and is controlled by highly localised calcium signals. In order to al-
low reliable, fast synaptic transmission, calcium ions must be cleared from the
active zone. However, the exact mechanisms of calcium clearance remain elu-
sive. Despite the recent advances in imaging technology, it is not yet possible
to measure localised calcium signals on the nanometre scale. Nevertheless, it is
possible to address the impact of localised calcium signals on neurotransmitter
release with use of computational modelling. In this study, I established an ex-
perimentally constrained model of an active zone of the cerebellar mossy fibre
bouton. My simulations revealed that endogenous fixed buffers that have low
calcium binding capacity (∼ 15) and low affinity for binding calcium in com-
bination with mobile buffers with high affinity for binding calcium enable rapid
clearance of calcium from the active zone during high-frequency firing. Moreover,
during high-frequency firing, slow endogenous mobile buffers prevent build-up of
the intracellular calcium concentration. The results presented in this work sug-
gest that reduced calcium buffering speeds active zone calcium signalling, thus
allowing high rates of synaptic transmission.
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1 Introduction
1.1 Significance of the cerebellum
Anatomically, the cerebellum is attached at the back of the brain behind the pons
and appears as a separate structure (Figure 1). It is connected to the brain stem
by fibres called peduncles. Despite the fact that this “little brain” represents
only ∼ 10% of the total weight of the human brain (Ariëns Kappers, 1927), it
is packed with more neurons than the entire cerebrum (Manto and Pandolfo,
2001). Its structure and functions are under investigation since the beginning
of the 19th century (Eccles, 1967; Ito, 2002; Coco and Perciavalle, 2015). The
cerebellum is considered as a structure responsible for: voluntary limb and eye
movements (Ebner, 1998; Robinson and Fuchs, 2001), balance and locomotion
(Morton and Bastian, 2004), learning of movement coordination (Thach, 1998),
cognition and behaviour (Schmahmann and Caplan, 2006; Buckner, 2013), and
language processing (Murdoch, 2010).
A
5 cm
B
5 mm
Figure 1: Comparison of the human (A) and the mouse (B) brain. Cerebellum
marked in grey. Based on: Purves et al. (2004); Cryan and Holmes (2005);
DeFelipe (2011).
1.2 Cerebellar mossy fibre boutons
In 1888 the Spanish neuroanatomist Santiago Ramón y Cajal in his paper about
the avian cerebellum (Ramón y Cajal, 1888) for the first time described “fibras
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nudosas”, soon named mossy fibres (Ramón y Cajal, 1890; Kölliker, 1890; van
Gehuchten, 1891; Ramón y Cajal, 1894) as we still call them today.
Mossy fibres are myelinated nerve fibres positioned in the middle of each folium,
derived from the white matter to the granular layer (Figure 2). Cerebellar mossy
fibres — the primary synaptic inputs to the cerebellum — are bundles of axons
that arise from multiple sources within brain stem e.g. pontine nuclei, and the
spinal cord (van Kan et al., 1993; Delvendahl et al., 2013). Mossy fibres can have
collateral branches, and a number of cerebellar mossy fibre boutons (cMFBs)
are located along them (Mason and Gregory, 1984). The main postsynaptic
targets of the mossy fibres are excitatory granule cells (Palay and Chan-Palay,
1974). Rosette-like mossy fibre terminals can connect synaptically with multiple
granule cells (e.g. ∼ 53 in rats, Jakab and Hámori, 1988). Additionally, cMFBs
target inhibitory Golgi cells (Palay and Chan-Palay, 1974). Thus, cMFBs can
participate in both excitation and inhibition in the cerebellum. Every cMFB can
highly differ in shape and size — the area and volume varies in the range of
40–266 µm2 and 10–60 µm3, respectively (Jakab and Hámori, 1988; Jakab, 1989;
Xu-Friedman and Regehr, 2003).
cMFBs are a particularly interesting model to study synaptic transmission be-
cause of their ability to maintain synchronous neurotransmitter release at very
high action potential (AP) frequencies. In vivo extracellular recordings in mon-
keys or cats demonstrated high-frequency rate coding of a joint angle or eye
saccade movement at mossy fibres, at continuous firing rates of up to 100Hz
(van Kan et al., 1993; Prsa et al., 2009). Moreover, upon sensory stimulation
in rats, AP instantaneous frequencies reached more than 700Hz (Rancz et al.,
2007). Consistently, in vitro recordings at mouse cMFBs, indicated that APs can
be reliably elicited at frequencies of up to ∼ 1 kHz (Ritzau-Jost et al., 2014).
1.2.1 Active Zone
The mossy fibre bouton to granule cell junction forms a chemical synapse at
which the presynaptic bouton releases a chemical neurotransmitter into the syn-
aptic cleft, and this neurotransmitter acts on the postsynaptic granule cell (Fi-
gure 3). The neurotransmitter is stored in synaptic vesicles — small, spherical
(40–50 nm in diameter), membrane-enclosed organelles (Takamori et al., 2006).
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Molecular Layer
Purkinje Cell Layer
Granule Cell Layer
White Matter
GoC
PC
cMFB
GC
Figure 2: Organisation of the cerebellar layers in transverse section with marked
cerebellar mossy fibre bouton (cMFB), granule cell (GC), Golgi cell (GoC), Pur-
kinje cell (PC). Based on: Ito (2001); Purves et al. (2004); Apps and Garwicz
(2005).
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Figure 3: Schematic illustration of the chemical synapse. Chemical synapse con-
sists of a presynaptic bouton containing synaptic vesicles (SV) filled with neu-
rotransmitters (black dots) contacting postsynaptic cell. Action potential (AP)
triggers Ca2+ influx through voltage-gated calcium channels (JCC). After bin-
ding of the calcium ions to the fusion-triggering Ca2+ sensor, docked SVs fuse
to the presynaptic membrane releasing neurotransmitters into the synaptic cleft.
Later, neurotransmitters bind to the neurotransmitter receptors (NR) eliciting
a postsynaptic current. Based on Purves et al. (2004).
Upon an AP, Ca2+ influx occurs through voltage-gated calcium channels (VGCC;
see Section 2.2.1.1) triggering the fusion of synaptic vesicles with the presynaptic
plasma membrane (vesicle exocytosis, Südhof and Rizo, 2011). The molecular
machinery needed for this process is localised at special site of the presynaptic
cell called the active zone (AZ; Figure 3; Südhof, 2012b). This term was formu-
lated by Couteaux and first published by Couteaux and Pécot-Dechavassine in
19701.
In case of cMFBs, Xu-Friedman and Regehr (2003) showed that per single bouton
there are 191–440 AZs and the nearest distance between AZs is around 0.46 µm.
1In fact, the term “active zone” has been used already before by Eccles (1964) erroneously
referring to previous work of Couteaux (1961). However, as described by Tsuji and Anglade
(1997) it was actually published by Couteaux for the first time a few years later (Couteaux
and Pécot-Dechavassine, 1970). Eccles confused personal communication in which Couteaux
mentioned this not yet published term. This mistake made by Eccles was later confirmed by
Couteaux as it is presented by Tsuji (2004).
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1.2.2 Synaptic release
Experiments of Katz and Miledi on the neuromuscular junctions in the second
half of the 1960s showed that neurotransmitter release is Ca2+ dependent (Katz
and Miledi, 1965, 1966, 1967a,b). After brief Ca2+ influx, intracellular Ca2+ con-
centration rises, and within 1ms vesicles fuse with the presynaptic membrane.
Concentration of the intracellular calcium around the calcium channel decreases
with increase of the distance from the channel. Thus, coupling distance of the
fusion-triggering Ca2+ sensor (i.e. mainly synaptotagmin, Südhof, 2012a) located
at the synaptic vesicles to the calcium channels determines the time course and
amplitude of the synaptic release rate (Klingauf and Neher, 1997; Meinrenken
et al., 2002, 2003). At AZ of cMFBs, relatively small number of release-ready
vesicles, high release probability, and rapid vesicle reloading are crucial to main-
tain high-frequency transmission for long periods of time (Saviane and Silver,
2006; Hallermann et al., 2010; Ritzau-Jost et al., 2014). This enables a single
cMFB to trigger action potentials in granule cells (Rancz et al., 2007) and to use
high-frequency rate-coded signalling (Arenz et al., 2008).
1.3 Endogenous calcium buffering
Intracellular Ca2+-binding proteins are a group of proteins involved in the intra-
cellular Ca2+ signalling. These proteins contain structural domains responsible
for Ca2+ binding (e.g. EF-hand or C2) and are often called Ca2+ buffers. Depen-
ding on the on-rate of binding of the Ca2+ ions, Ca2+ buffers can be classified as
slow or fast but whenever there is a strong cooperativity between binding sites
of the protein, dual behaviour can be observed (e.g. calretinin, Faas et al., 2007
or parvalbumin, Müller et al., 2007).
Endogenous Ca2+ buffers can be further classified into two types:
1. Fixed (immobile) endogenous Ca2+ buffers may be identified as a cel-
lular compartment (e.g. organelles and cytoskeleton, Gabso et al., 1997).
2. Mobile endogenous Ca2+ buffers may be soluble EF-hand Ca2+-binding
proteins such as parvalbumins (α and β isoforms), calbindin-D9k, calbindin-
D28k, calretinin, or calmodulin (Schwaller, 2010).
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However, some buffers might exhibit both mobile and fixed properties, e.g. a
fraction of calbindin-D28k is temporarily immobilised in dendrites and spines of
Purkinje cells, but not in axons (Schmidt et al., 2005). Important intracellular
buffering is also associated with adenosine triphosphate (ATP) and gluconate (see
Section 2.2.4).
In particular during high-frequency transmission, it is important to sustain high
ratio between the amount of calcium entering the terminal (signal) and the res-
ting (background) calcium. Large signal-to-background ratio can be obtained by
maintaining a very low concentration of the background Ca2+ (nM-range com-
pared with mM-range of the extracellular Ca2+) which helps to maximise Ca2+
influx through Ca2+ channels and minimise amount of the Ca2+ ions needed.
After AP-driven influx of the extracellular Ca2+ ions through the VGCCs, the
spread of the intracellular Ca2+ depends on factors such as: speed of the Ca2+
diffusion, buffering by the fixed and mobile endogenous Ca2+ buffers, and Ca2+
extrusion mechanisms. This makes the endogenous Ca2+ buffers key players in
shaping of the spatiotemporal dynamics and distribution of the intracellular Ca2+
(McBurney and Neering, 1987; Blaustein, 1988; Sala and Hernández-Cruz, 1990;
Baimbridge et al., 1992; Neher, 1995; Palecek et al., 1999; Müller et al., 2007;
Eggermann and Jonas, 2012; Pangršič et al., 2015; Mark et al., 2016). Although
many studies investigating endogenous buffering were conducted, its molecular
origin as well as physical properties of the buffering are still poorly understood.
1.4 Deterministic modelling of the calcium dynamics
One of the first deterministic models of Ca2+ diffusion in neurons were proposed
at the end of the 1960s and the beginning of the 1970s (Blaustein and Hodgkin,
1969; Baker et al., 1971). These studies described diffusion and reactions of Ca2+
binding to the fixed buffers following first-order kinetics (Luxoro and Yañez, 1968)
in a cylinder corresponding to the squid axon. Since the 1980s, several studies that
model the Ca2+ dynamics near plasma membrane have been published (Zucker
and Stockbridge, 1983; Stockbridge and Moore, 1984; Fogelson and Zucker, 1985).
Furthermore, Simon and Llinás (1985) modelled high Ca2+ concentration in the
vicinity of the Ca2+ channels and its significance in neurotransmitter release.
Since then, many computational studies of the calcium dynamics around Ca2+
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channels focused on (i) nanodomains — the localised Ca2+ transients elicited by
the single channel influx of the Ca2+ ions; and/or (ii) microdomains — formed by
the summation of the overlapping Ca2+ influx through multiple channels (Stern,
1992; Naraghi and Neher, 1997; Meinrenken et al., 2002; Matveev et al., 2009;
Eggermann and Jonas, 2012; Ermolyuk et al., 2012; Scimemi and Diamond, 2012;
Schmidt et al., 2013).
The problem of the Ca2+ dynamics and/or neurotransmitter release was addressed
at various synapses: at the calyx of Held (Meinrenken et al., 2002; Müller et al.,
2007), at neuromuscular junctions (Cooper et al., 1996; DiGregorio et al., 1999;
Tang et al., 2000; Matveev et al., 2002, 2004; Bennett et al., 2004; Lin et al.,
2005; Matveev et al., 2006), in hair cells (Roberts, 1994; Wu et al., 1996; Hall
et al., 1997), in chromaffin cells (Klingauf and Neher, 1997), and in dorsal root
ganglion neurons (Weber et al., 2010).
Modelling becomes a useful tool for testing hypotheses and to study biological
processes whenever measurements are not yet possible, e.g. due to technical limi-
tations. Development of the Calcium Calculator (CalC, Matveev et al., 2002) that
implements deterministic three-dimensional reaction–diffusion system, simplified
simulations of the Ca2+ fluxes, buffering and diffusion.
1.5 Aims
The main aim of this study was to develop an experimentally-constrained deter-
ministic computational model of the active zone calcium dynamics at cerebellar
mossy fibre boutons in order to understand the mechanisms underlying synchro-
nous high-frequency release. In particular, I aimed to identify:
• the role of the Ca2+-binding ratio of the endogenous fixed buffer in shaping
calcium dynamics;
• properties of the endogenous mobile buffer and its influence on the intra-
cellular Ca2+ concentration during high-frequency firing;
• the relation between the Ca2+-dependent vesicle release and active zone
topography (i.e. vesicle-to-channel distance, number and distribution of
calcium channels).
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Finding parameters and evaluation of a model are important steps on a way to
accurately describe biological system. Therefore, before it was possible to answer
any biological question, I aimed to build and optimise a cerebellar mossy fibre
bouton model reproducing experimental data. Based on this cerebellar mossy
fibre bouton model, my next goal was to build a model of an active zone of the
cerebellar mossy fibre bouton that could be used for investigating active zone
calcium dynamics at cerebellar mossy fibre boutons.
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2 Materials and Methods
2.1 Experimental data
All experiments, combining direct patch-clamp recordings from cerebellar mossy
fibre boutons and quantitative two-photon Ca2+ imaging, were performed by
Dr. Igor Delvendahl (Delvendahl et al., 2015).
2.1.1 Electrophysiology
Mice (P21–P61 CD-1 or C57BL/6) were anaesthetised with isoflurane and killed
by rapid decapitation. Parasagittal cerebellar slices (300 µm-thick) were cut and
experiments were carried out at 34–37°C. Ca2+-insensitive Atto594 (10–20 µM)
and one of the following Ca2+-sensitive dyes were added to the intracellular solu-
tion: OGB-1 (50 µM or 100 µM), Fluo-5F (50 µM or 200 µM), Fluo-4FF (100 µM),
or OGB-5N (200 µM). Cerebellar mossy fibre boutons whole-cell patch-clamp re-
cordings were made with HEKA EPC10/2 amplifier (HEKA Elektronik). APs
were evoked in a current-clamp mode by current pulses (amplitude 50–500 pA,
duration 1–3ms). Train stimulations (20 stimuli at a frequency of 300Hz) and
brief depolarizations (0mV, 200 µs) were applied in a voltage-clamp mode (hol-
ding potential of −80mV).
2.1.2 Quantitative two-photon calcium imaging
For two-photon Ca2+ imaging, a Femto2D laser-scanning microscope (Femtonics)
with a pulsed Ti:Sapphire laser (MaiTai, SpectraPhysics) tuned to 810 nm was
used. Data were obtained typically at 1 kHz sampling rate (in the Figure 13,
14 A, 18, and 19, at 3–10 kHz) with MES software (Femtonics). Using a dual-
indicator method (Figure 4), for each combination of Ca2+-sensitive (green) and
Ca2+-insensitive (red) dye, intracellular Ca2+ concentration (
[
Ca2+
]
) was quan-
tified from the green-over-red fluorescence intensity ratio (EG/ER) according to
(Yasuda et al., 2004):
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[
Ca2+
]
dye
= KD,dye
(EG/ER)− (EG/ER)min
(EG/ER)max − (EG/ER)
(1)
where KD,dye is the dissociation constant of a calcium indicator, (EG/ER)min and
(EG/ER)max are the ratios at zero and saturating
[
Ca2+
]
, respectively. The Ca2+
concentration in cMFBs at rest was determined to be
[
Ca2+
]
rest
= 57 ± 7 nM
(n = 30 boutons; Delvendahl et al., 2015).
C
100 ms
2 µm 
B
5 µm
cMFB PC
GC
A D
100 ms
50 %
Δ E/E
E
100 ms
50 nM
Figure 4: Quantitative two-photon Ca2+ imaging experiments in cMFBs. (A) Di-
agram of the cerebellar cortex circuit. The input to the cerebellum comes via the
mossy fibres (magenta) and is transmitted by the presynaptic cerebellar mossy
fibre boutons (cMFBs) to postsynaptic granule cells (GC, light grey). Through
the parallel fibres, GCs excite Purkinje cells (PC, dark grey), the sole output of
the cerebellar cortex. The experimental patch-clamp approach is illustrated by
the patch-pipette at a cMFB. (B) Two-photon microscopic image of a patched
cMFB filled with 10 µM Atto594 (Ca2+-insensitive dye, red channel) and 50 µM
Fluo-5F (Ca2+ indicator, green channel). Image shows red channel; dashed line
indicates line scan position in the patched bouton. (C) Dual-indicator two-photon
line scans for the green (top) and red channel (bottom). The time point of the
AP is marked by the arrowhead. (D) The fluorescence intensity change (∆E/E)
for the green (top) and red channel (bottom) acquired from C. Coloured tra-
ces are averages of 15 sweeps (grey). (E) The Ca2+ concentration calculated as
green-over-red fluorescence intensity ratio from D. Modified from Delvendahl et
al. (2015).
The Ca2+-binding capacity of endogenous buffers at cMFBs (κE) was estima-
ted using the “added buffer” method (Neher, 1995) as described in detail in
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Delvendahl et al. (2015). Briefly, the Ca2+-binding capacity of each exogenous
Ca2+-sensitive buffer (κB) was calculated according to (Helmchen et al., 1997):
κB =
[B]KD
([Ca2+]rest +KD)
(
[Ca2+]peak +KD
) (2)
where [B] is the concentration of the exogenous buffer, [Ca2+]rest is the free Ca
2+
concentration under resting conditions, and [Ca2+]peak = [Ca2+]rest+ [Ca2+]AP is
the baseline subtracted amplitude of the AP-evoked Ca2+ transient ([Ca2+]AP ).
The inverse of the amplitude (A−1) and the decay time constant (τ) of the
Ca2+ transient depend linearly on κB of the added buffer according to single-
compartment model (Neher and Augustine, 1992; Helmchen et al., 1996):
A−1 = 2FV
qCa
(1 + κB + κE) (3)
τ = 1
γ
(1 + κB + κE) (4)
where qCa is the charge of the calcium ions flowing into the presynaptic terminal,
F is Faraday constant, V is the volume of the terminal, and γ is the Ca2+-
extrusion rate. The x-intercept of the extrapolated linear regression line of the
A−1 or τ as functions of κB allows to estimate of the Ca2+ transient without
added exogenous buffer [the x-intercept equals − (1 + κE)].
2.1.3 Dye loading in remote cMFBs
In order to record Ca2+ transients at remote cMFBs, patched cMFBs were filled
with 10–20 µM Atto594 and 200 µM Fluo-5F (Delvendahl et al., 2015). The red
channel was used to visualise the axon in order to find a remote bouton localised
along it (Figure 5 A). Ca2+ transients elicited by single APs evoked in current-
clamp mode, were recorded at localised remote bouton every 15–30 s (Figure 5 B).
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Figure 5: Dye loading experiments in remote cMFBs. (A) Two-photon microsco-
pic image of a patched cMFB filled with 10 µM Atto594 and 200 µM Fluo-5F.
Position of the patch-pipette is marked. Dashed blue line indicate line scan posi-
tions in remote bouton. (B) The example Ca2+ transients evoked by a single AP
in a remote bouton during dye loading at different time points after whole-cell pa-
tch is formed. The estimated dye concentrations and time measures are indicated;
black lines show exponential fits. Modified from Delvendahl et al. (2015).
2.2 Deterministic model
Calcium influx through voltage-gated calcium channels, evolution of its concen-
tration in time, its buffered diffusion, and Ca2+-dependent vesicle fusion were
implemented in CalC 7.7.4 (Matveev et al., 2002) controlled with Wolfram Mat-
hematica 10 for automatisation and further analyses. Simulations were performed
on a MacBook Pro computer powered by 2.7 GHz Intel Core i7 processor and
16 GB RAM running on Mac OS X 10.8.5 operating system.
2.2.1 Intracellular calcium concentration
To calculate Ca2+ concentration inside a cellular volume (cytoplasm) it is neces-
sary to include factors influencing its dynamics: influx through calcium channels
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(JCC), spread out in volume caused by the diffusion process (Rdiff), buffering
by mobile and fixed buffers (Rbuff), removal by the calcium pumps (Jpump), and
uptake ( Ruptake) by e.g. mitochondria and/or endoplasmic reticulum (ER; Fi-
gure 6).
JCC
Jpump
Rbuff
Jdiff
CaB
Ca2+
B
Ruptake
Figure 6: Diagram of modelled calcium dynamics. Calcium ions (Ca2+) flows
to the intracellular compartment through calcium channels (JCC) located at the
membrane (double solid line), diffuses in space (Jdiff), binds to and unbinds from
(Rbuff) intracellular buffers (B), and is extruded by surface pumps (Jpump). Addi-
tionally, mechanism of intercellular calcium uptake (Ruptake) e.g. by mitochondria
and/or ER is illustrated.
The law of conservation of mass states that the sum of the mass entering, leaving,
and accumulating in the control volume is equal to zero (Rao, 2010). According
to this law, reaction–diffusion equation defining unbound intracellular Ca2+ con-
centration change over time reads (Sterratt et al., 2011):
∂
[
Ca2+
]
∂t
= JCC +
S
V
· Jpump +Rdiff +Rbuff +Ruptake  
intracellular processes
(5)
where JCC is Ca2+ influx through calcium channels in units of µM · s−1, Jpump
is Ca2+ efflux in units of µM · µm · s−1 , S is a total surface through which the
flux is occurring in units of µm2, V is the intracellular volume in units of µm3,
and Rdiff, Rbuff, Ruptake are rates of change in the Ca2+ concentration over time
in units of µM · s−1 related to Ca2+ diffusion, buffering, and uptake, respectively.
31
2.2.1.1 Extracellular calcium influx
Influx of extracellular calcium into the cell occurs through many different calcium
entry pathways (for review see Clapham, 2007). However, it was shown that at
the cMFBs, release is triggered almost entirely by VGCCs, especially P/Q type
(CaV2.1, Ritzau-Jost et al., 2014). VGCCs open as a result of membrane potential
change (depolarisation) from its resting potential (Vrest ≈ −70mV, Rancz et al.,
2007) which leads to influx of calcium ions into the cell.
Assuming inward calcium current per each point-source VGCC, calcium flux is
given by (Matveev et al., 2006):
JCC =
1
2F ICa (t)
NCC∑
i=1
δ (r⃗ − r⃗i) (6)
where δ (r⃗ − r⃗i) denotes a Dirac delta function, r⃗ is the position vector, r⃗i is the
the position vector of the ith channel, NCC is the total number of channels, F is
the Faraday constant, ICa is a calcium channel current in units of mA, and t is
time in units of s.
2.2.1.2 Calcium buffering
Calcium binding to a jth buffer is a simple, reversible, chemical reaction with
apparent rate constants kon,j and koff,j of binding and unbinding processes, re-
spectively (Almers and McCleskey, 1984; Wagner and Keizer, 1994; Klingauf and
Neher, 1997):
Bj + Ca2+
kon,j−−−⇀↽ −
koff,j
CaBj (7)
where KD = koff,j/kon,j defines dissociation constant and kon,j is diffusion limited
to 109M−1s−1 (McCleskey, 1999).
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The law of mass action says that the rate of a chemical reaction is proportional
to the product of the concentrations of the reacting chemical species. According
to this law, for reaction given by Equation (7), the evolution of calcium concen-
tration, buffer concentration, and concentration of their product over time, are
given by the set of coupled differential equations:
∂
[
Ca2+
]
∂t
= −kon,j
[
Ca2+
]
[Bj] + koff,j
[
Ca2+Bj
]
(8)
∂ [Bj]
∂t
= −kon,j
[
Ca2+
]
[Bj] + koff,j
[
Ca2+Bj
]
(9)
∂
[
Ca2+Bj
]
∂t
= −koff,j
[
Ca2+Bj
]
+ kon,j
[
Ca2+
]
[Bj] (10)
In a closed compartment with defined total concentration of substrates
[
Ca2+
]
tot
,
[Bj]tot and no initial product
[
Ca2+Bj
]
, concentrations of free calcium and buffer
are, respectively:
[
Ca2+
]
=
[
Ca2+
]
tot
−
[
Ca2+Bj
]
(11)
[Bj] = [Bj]tot −
[
Ca2+Bj
]
(12)
Since [Bj]tot is constrained, from Equation (12) concentration of the product of[
Ca2+
]
and [Bj] is:
[
Ca2+Bj
]
= [Bj]tot − [Bj] (13)
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Finally, Equation (8) together with Equation (13) gives the rate of change in the
calcium concentration over time related to calcium buffering by the jth buffer:
Rj
([
Ca2+
]
, [Bj]
)
= −kon,j
[
Ca2+
]
[Bj] + koff,j
(
[Bj]tot − [Bj]
)
(14)
For more than one buffer:
Rbuff =
Nbuff∑
j=1
Rj
([
Ca2+
]
, [Bj]
)
(15)
where Nbuff is the total number of simulated buffers.
2.2.1.3 Calcium diffusion
Calcium diffusion flux is related to the calcium concentration gradient according
to Fick’s first law:
Jdiff = −DCa
∂
[
Ca2+
]
∂x
(16)
with the calcium diffusion coefficient of DCa. The driving force −∂
[
Ca2+
]
/∂x
is concentration gradient for one spatial direction in Cartesian coordinates and
a negative sign denotes direction of flux from high concentration to low concentra-
tion regions. Using the Nabla-operator (∇), to denote the concentration gradient
vector, for any coordinates system, it is true that:
Jdiff = −DCa∇
[
Ca2+
]
(17)
From the law of conservation of mass for the closed system derives the continuity
equation:
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∂
[
Ca2+
]
∂t
+∇ · Jdiff = 0 (18)
Together Equation (17) and Equation (18) give the Fick’s second law, a partial
differential equation (PDE), which reads:
∂
[
Ca2+
]
∂t
= DCa∇2
[
Ca2+
]
(19)
It describes the rate of change in the calcium concentration over time due to
diffusion:
Rdiff = DCa∇2
[
Ca2+
]
(20)
2.2.1.4 Calcium pump
After influx of calcium through voltage-gated calcium channels, the free intracel-
lular calcium concentration needs to be reduced to its resting level
[
Ca2+
]
rest
in
order to preserve homeostasis inside a cell. The simplest model assumes exponen-
tial decay of the intracellular calcium with a time constant of τ ∼ 1/γ according
to a linear relation (Neher and Augustine, 1992):
Jdecay = −γ
([
Ca2+
]
−
[
Ca2+
]
rest
)
(21)
where γ is an decay rate in units of µm · s−1.
More complex model assumes that membrane pumps are involved in resetting[
Ca2+
]
to
[
Ca2+
]
rest
. Extrusion through membrane involves intracellular Ca2+
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binding to membrane pump and extracellular Ca2+ unbinding (Migliore et al.,
1995):
Ca2+ + P
kon,in−−−⇀↽ −
koff,in
CaP
kon,out
↼−−−−− ⇁
koff,out
P + Ca2+
intracellular membrane extracellular
(22)
Since the extracellular calcium concentration is very high, its change during acti-
vity can be neglected (kon,out = 0). Calcium extrusion mechanism, as intracellular
calcium concentration function, is then described by a Hill equation modified for
extrusion mechanism by a negative sign:
Jext = −vpump
[
Ca2+
]n[
Ca2+
]n
+Knpump
(23)
with maximum extrusion velocity vpump = KpumpDCaA/V in units of µM·µm·s−1,
half-maximal concentration constant Kpump = (koff,in + koff,out) /kon,in in units of
µM, and unitless Hill coefficient n.
For n = 1, Equation (23) becomes a Michaelis–Menten relation which means that
the rate of extrusion increases hyperbolically with increase of the calcium concen-
tration (Figure 7). Briefly, in a low calcium concentration range, the extrusion
rate increases almost linearly when calcium concentration increases. However,
the extrusion slows down and becomes nonlinear when calcium concentration in-
crease to higher levels. Thus, the rate approaches a steady-state asymptote at
infinitely high calcium concentrations, which indicates saturation. This extrusion
mechanism was implemented in the study of Sala and Hernández-Cruz (1990).
For n > 1, the rate of extrusion Equation (23) increases sigmoidally (Figure 7).
Briefly, at low substrate concentrations, the extrusion increases slightly with cal-
cium concentration increase. Any additional small increases in the calcium con-
centration lead to strong extrusion. At very high calcium concentrations, the
extrusion reaches saturation.
36
n = 1
n = 2
n = 3
n = 4
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Figure 7: Extrusion flux (Jext) as a function of the calcium concentration
(
[
Ca2+
]
) as described by the Hill equation [Equation (23), for n = {2, 3, 4}]
and Michaelis–Menten [Equation (23), for n = 1]. Other parameters: vpump =
0.25 µM · µm · s−1; Kpump = 3.7 µM.
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Together, Equation (21) and modified Equation (23), lead to the following surface
pump mechanism proposed by Prof. Erwin Neher (Delvendahl et al., 2015):
Jpump =− γ
([
Ca2+
]
−
[
Ca2+
]
rest
)
+
− vpump
⎛⎜⎝
[
Ca2+
]n[
Ca2+
]n
+Knpump
−
[
Ca2+
]n
rest[
Ca2+
]n
rest
+Knpump
⎞⎟⎠ (24)
Its implementation facilitates the speeding of Ca2+ extrusion at higher
[
Ca2+
]
, for
example, during depolarisation to 0mV lasting 100ms, and is based on previous
analyses of Ca2+ extrusion mechanisms (Kim et al., 2005).
2.2.1.5 Calcium uptake
Another pathway in preserving cell homeostasis is calcium uptake by ER and mi-
tochondria (Santo-Domingo and Demaurex, 2010). The simplest model assuming
only calcium uptake is defined by the rate of the calcium uptake:
Ruptake = −kuptake
([
Ca2+
]
−
[
Ca2+
]
rest
)
(25)
with uptake rate constant kuptake in units of s−1 which can be defined as a function
of space for spatial-dependent calcium uptake.
2.2.1.6 The final form of the calcium concentration equation
The final form of the calcium concentration change over time is obtained by
substituting Equation (6), Equation (15) with Equation (14), Equation (20),
Equation (24), and Equation (25) into Equation (5):
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∂
[
Ca2+
]
∂t
= 12F ICa (t)
NCC∑
i=1
δ (r⃗ − r⃗i) + S
V
· −γ
([
Ca2+
]
−
[
Ca2+
]
rest
)
+
− vpump
⎛⎜⎝
[
Ca2+
]n[
Ca2+
]n
+Knpump
−
[
Ca2+
]n
rest[
Ca2+
]n
rest
+Knpump
⎞⎟⎠+
+DCa∇2
[
Ca2+
]
− kuptake
([
Ca2+
]
−
[
Ca2+
]
rest
)
+
+
Nbuff∑
j=1
(
−kon,j
[
Ca2+
]
[Bj] + koff,j
(
[Bj]tot − [Bj]
))
(26)
2.2.2 Intracellular buffer concentration
In contrast to calcium ions [compare Equation (5)], no influx, extrusion or uptake
of the buffers is assumed. Under these conditions, the change in the intracellular
concentration of unbound jth buffer ([Bj]) over time depends on its diffusion and
ability to bind calcium ions:
∂ [Bj]
∂t
= Rdiff,B +Rbuff (27)
Derivation of the buffer concentration change over time due to diffusion (Rdiff,B)
is analogous to derivation of the buffer concentration change over time (see
Section 2.2.1.3). By exchanging DCa with the diffusion coefficient of the jth
buffer (Dj) and
[
Ca2+
]
by [Bj] in Equation (16) and following the same deriva-
tion as described in Section 2.2.1.3, buffer concentration change over time due to
diffusion reads:
Rdiff,B = Dj∇2 [Bj] (28)
For the fixed buffer Dj = 0, which implies no buffer diffusion (Rdiff,B = 0).
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Since Equation (9) is equivalent to Equation (8), the jth buffer concentration
change over time due to binding of Ca2+ is the same as the calcium concentration
change over time due to binding to a jth buffer and is given by Equation (14).
Finally, the buffer concentration change over time reads:
∂ [Bj]
∂t
= Dj∇2 [Bj]− kon,j
[
Ca2+
]
[Bj] + koff,j
(
[Bj]tot − [Bj]
)
(29)
2.2.3 Experimentally constrained intracellular calcium concentration
For fitting of the model to experimental data (Figure 10, 13, 14, 18, and 19),
simulated change in the intracellular “free” (unbound)
[
Ca2+
]
over time was
determined from occupancy of the Ca2+ indicator analogously to the experimental
approach [Equation (1)]:
∂
[
Ca2+
]
dye
∂t
= KD,dye
[Bdye]tot − [Bdye]
[Bdye]
(30)
where [Bdye]tot is the total concentration of the Ca
2+ indicator, [Bdye] is the con-
centration of the unbound Ca2+ indicator [corresponds to (EG/ER)max−(EG/ER)
in Equation (1)] and [Bdye]tot − [Bdye] is the concentration of the Ca2+ indicator
bound with Ca2+ [corresponds to (EG/ER) in Equation (1)]. The change in the
[Bdye] over time (∂ [Bdye] /∂t) is calculated according to Equation (29).
Example trace comparing average free intracellular calcium concentration over
time calculated according to Equation (26) or Equation (30) is presented in Fi-
gure 8.
2.2.4 Effects of ATP and gluconate
The intracellular solution in the experiments contained ATP and gluconate (Del-
vendahl et al., 2015). Woehler et al. (2014) showed that both free ATP and
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Figure 8: Comparison of the average free intracellular calcium concentrations over
time calculated according to Equation (26) (solid, gray line) and Equation (30)
(dashed, black line). Inset shows an enlargement of the AP time frame. Example
was simulated using Listing 1.
gluconate have only a minor contribution to the Ca2+ binding ratio of typical
pipette solutions. However, very high Ca2+ binding rates of ATP and gluconate
may have an effect on Ca2+ nanodomains and/or microdomains. Accordingly,
at the calyx of Held, 2.7 times more Ca2+ influx is needed to elicit release of
neurotransmitter when the solution with ATP and gluconate is used (Woehler et
al., 2014). Furthermore, a previous in vitro report showed an effect of ATP on
the Ca2+ sensor synaptotagmin (Park et al., 2012). For these reasons, ATP and
gluconate have been implemented in the cMFB model used for fitting to experi-
mental data (Figure 10, 13, 14, 18, and 19). Parameters of the buffers used in
simulations, and containing ATP and gluconate, are listed in Table 2.
2.2.5 Temperature dependence of biological processes
Relationship between the rate of chemical reactions or biological processes and
the temperature is given by the unitless temperature coefficient:
Q10 =
(
k (T2)
k (T1)
)10/(T2−T1)
(31)
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where k (T1) and k (T2) are the rates of the process at the temperature T1 and
temperature T2, respectively (Sterratt, 2013). When the rate of the process at
the temperature T1 is known, by transforming Equation (31), the unknown rate
at the temperature T2 can be estimated as:
k (T2) = k (T1)Q(T2−T1)/1010 = k (T1)Q10∆T (32)
This shows that rate of the process depends exponentially on temperature.
2.2.6 The geometry of the model
In this study, two geometries of the model were used: (i) a cylinder representing
the cMFB, and (ii) a square-based cuboid representing a single AZ of the cMFB
(Figure 9). The cMFB model was used to optimise model parameters by fitting
to whole-cell experimental data. The AZ model was used to simulate phenomena
occurring in the small volume next to the plasma membrane where it is not
possible to perform direct experiments. For simplicity, the membrane curvature
was neglected in the AZ model.
A B
Figure 9: Approximation of (A) the cerebellar mossy fibre bouton as a cylinder
and (B) its single active zone as a square-based cuboid. Calcium channels marked
as grey dots.
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2.2.6.1 Cerebellar mossy fibre bouton model
The whole cMFB was approximated by a cylinder (Figure 9 A). In the cylindrical
coordinate system, calcium diffusion rate described by Equation (20), reads:
Rdiff = DCa
⎛⎝∂2
[
Ca2+
]
∂r2
+ 1
r
∂
[
Ca2+
]
∂r
+ 1
r2
∂2
[
Ca2+
]
∂θ2
+
∂2
[
Ca2+
]
∂z2
⎞⎠ (33)
where r is the radial distance, z is longitudinal distance and θ is the azimuth.
2.2.6.2 Single active zone model
Single active zone was approximated by a square-based cuboid (Figure 9 B). In the
three-dimensional Cartesian coordinate system, calcium diffusion rate described
by Equation (20), reads:
Rdiff = DCa
⎛⎝∂2
[
Ca2+
]
∂x2
+
∂2
[
Ca2+
]
∂y2
+
∂2
[
Ca2+
]
∂z2
⎞⎠ (34)
where x, y, z are Cartesian coordinates.
2.2.7 Calcium-dependent vesicle fusion
To simulate the time course of vesicular release rate at cMFBs, the model of the
active zone (see Section 2.2.6.2) was used, including a calcium release sensor at
20-nm distance from the nearest calcium channel (Figure 16 A). Release schemes
described below were implemented with literature parameters (Table 1) and ad-
justed for physiological temperature by temperature coefficient of Q10∆T = 3 and
a release probability of 0.3 (Hallermann et al., 2010).
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Table 1: Release scheme parameters
release scheme Five-site kinetica Allostericb
parameters S. & N.c W. et al. 1d W. et al. 2e L. et al.f
kon,Ca (s−1M−1) 0.9× 108 1.36× 108 1.27× 108 1× 108
koff,Ca (s−1) 9,500 11,100 15,700 4,000
b 0.25 0.25 0.25 0.5
ϕ (s−1) 6,000 6,000 6,000
f 31.3
l+ (s−1) 2× 10−4
aas described in Section 2.2.7.1
bas described in Section 2.2.7.2
cSchneggenburger and Neher, 2000
dWang et al., 2008 for P9–P11 mice
eWang et al., 2008 for P16–P19 mice
fLou et al., 2005
2.2.7.1 Five-site kinetic model
In a five-site kinetic model of calcium-dependent vesicle fusion, exocytosis occurs
only when the sensor is fully occupied by calcium ions and there is no coopera-
tivity between vesicle binding sites. Vesicle (v) from the readily releasable pool,
in order to fuse with the cell membrane, follows five calcium-binding steps to
reach the final irreversible secretion step with vesicle fusion rate constant of ϕ
(Schneggenburger and Neher, 2000):
v
5kon,Ca−−−−−⇀↽ −
b0koff,Ca
vCa · · · v4Ca
kon,Ca−−−−−⇀↽ −
5b4koff,Ca
v5Ca
ϕ→ fused (35)
where b is a cooperativity factor, kon,Ca and koff,Ca are calcium binding and un-
binding rate constants, respectively.
This model is an extension of the scheme proposed by Heidelberger et al. (1994),
which assumes four sequential Ca2+-binding steps followed by a vesicle fusion.
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2.2.7.2 An allosteric model
An allosteric model of calcium-dependent vesicle fusion assumes that release is not
restricted to the fully-occupied sensor. Vesicle fusion is possible at any occupancy
state of a calcium sensor located on the vesicle (v) with five calcium binding sites
(Lou et al., 2005):
v
f0·l+
↓↓
fused
5kon,Ca−−−−−⇀↽ −
b0koff,Ca
vCa
f1·l+
↓↓
fused
· · · v4Ca
f4·l+
↓↓
fused
kon,Ca−−−−−⇀↽ −
5b4koff,Ca
v5Ca
f5·l+
↓↓
fused
(36)
where f is the fusion rate scale factor, l+ is vesicle fusion rate constant, kon,Ca
and koff,Ca are calcium binding and unbinding rate constants, respectively.
2.2.8 Modelling in CalC
The Calcium Calculator (CalC, Matveev et al., 2002) is a platform-independent
modelling tool freely available online (http://calciumcalculator.org/). It simula-
tes diffusion and buffering as described in previous sections, solving reaction–diffusion
partial differential equations (PDEs) by the alternating-direction implicit finite-
difference method (Morton and Mayers, 1994; Matveev et al., 2004). Ordinary
differential equations (ODEs) derived from release schemes [i.e. Equation (35)
and Equation (36)] are solved using adaptive Runge-Kutta 4th order method
(Matveev et al., 2009).
1 % CalC script file
2 % syntax: http :// web.njit.edu/~ matveev/calc/manual.html
3 % author: Lukasz Jablonski
4 % notes:
5 % - cylindrical bouton
6 % - needs CalC 6.7.2/7.7.2 or higher
7
8 geometry = cylindrical
9 volume 0 R 0 Z % diffusion volume of "bouton"
10 R = 0.9 ; Z = 24.8 % um, radius and length of "bouton"
11 grid 20 20 % spatial grid nodes (r z)
12
13 Ca.bc Noflux Pump Noflux Noflux % boundary condition
14 bc.define Pump 1 gamma vpump n Kpump % surface pump definition
15 gamma = 0.14 % um/ms, decay constant
16 vpump = 0.25 % (uM*um)/ms, max extrusion velocity
17 n = 2 % Hill coefficient
18 Kpump = 4 % uM, pump affinity
19 Ca.D = 0.22 % um^2/ms , diffusion coefficient
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20 Ca.bgr = 0.04 % uM, initial concentration
21 Ca.source R Zwidth 0 Zwidth % surface influx
22 Zwidth = Z/2 % influx width
23 current.shape square % influx spatial shape
24
25 buffer endo % endogenous buffer
26 endo.D = 0 % fixed
27 endo.kminus = 16 % 1/ms, unbinding rate
28 endo.kplus = 0.5 % 1/(ms*uM), binding rate
29 % endo.kappa = 15 % Ca2+-binding ratio (Kappa_E ,fixed)
30 endo.total = 480 % uM, total buffer concentration (kappa * kminus /
kplus)
31 endo.bc all Noflux % zero flux (reflective) for all boundaries
32
33 buffer ATP % ATP buffer
34 ATP.D = 0.22 % um^2/ms , diffusion coefficient
35 ATP.KD = 200 % uM , dissociation constant (kminus / kplus)
36 ATP.kminus = 100 % 1/ms, unbinding rate
37 % ATP.kplus = 0.5 % 1/(ms*uM), binding rate
38 ATP.total = 370 % uM , total buffer concentration
39 ATP.bc all Noflux % zero flux (reflective) for all boundaries
40
41 buffer dye % Fluo -5F dye
42 dye.D = 0.14 % um^2/ms , diffusion coefficient
43 dye.KD = 0.83 % uM, dissociation constant (kminus / kplus)
44 dye.kminus = 0.249 % 1/ms , unbinding rate
45 % dye.kplus = 0.3 % 1/(ms*uM), binding rate
46 dye.total = 50 % uM, total buffer concentration
47 dye.bc all Noflux % zero flux (reflective) for all boundaries
48
49 Run adaptive 90 ; current = 0 % baseline
50 Run adaptive 0.105 ; current = 543 pA % AP
51 Run adaptive 500 ; current = 0 % decay
52
53 Ca.dye := dye.KD (dye.total - dye[]) / dye[] % Equation (30)
54
55 plot.print % save data to files
56 plot.method xmgr % plot in real -time with XmGrace (optional)
57 plot Ca.dye % free [Ca2+] calculated from dye occupancy
58 plot Ca[] % average [Ca2+]
59
60 % END OF FILE
Listing 1: Example of a simple CalC script file simulating single AP run in
cylindrical geometry reproducing data from Figure 10 A (50 µM Fluo-5F).
CalC runs script files written with intuitive script language (see example Listing 1)
and allows simulations in various coordinate systems (Cartesian, cylindrical, coni-
cal, polar, spherical, etc.). Unlimited number of calcium buffers, with one-to-one
[example Equation (7)] and one-to-two stoichiometry can be defined.
2.2.9 Using Wolfram Mathematica to control CalC
To automatically generate CalC script files, control and further evaluate simulated
data, a self-written Mathematica package was used (CalCoMathica, available
upon request). This allows easy optimisation of a model by varying parameters
in loops (see example Listing 2).
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1 (* Mathematica script file *)
2 ClearAll ["Global ‘*"]; (* clear kernel *)
3 dirData = FileNameJoin [{ NotebookDirectory [],"data "}]; (* data directory *)
4 dirCore = FileNameJoin [{ NotebookDirectory [],"core "}]; (* core directory *)
5 Get[" calcomatica.m",Path ->dirCore ]; (* version 4.7.3 by Lukasz Jablonski *)
6 Get[" lukpack.m",Path ->dirCore] (* version 1.25.3 by Lukasz Jablonski *)
7 NotebookEvaluate[FileNameJoin [{dirData , "params.nb"}]]; (* params file *)
8 Adaptive [" accuracy "] = "1e-5"; (* CalC accuracy parameter *)
9 runMode = 1; (* single AP *)
10 dye = 4; (* OGB -5N 200 uM *)
11
12 (* "name",D,kon ,koff ,total ," boundary conditions" *)
13 AddBuffer ["gluc " ,0.22 ,0.1 ,5700 ,150000 ," all Noflux "];
14 AddBuffer ["ATP " ,0.22 ,0.5 ,100 ,370 ," all Noflux "];
15
16 MakeCopy [" endoKoff "]; (* make copy of default endoKoff value *)
17 scale = 10^ RangeN [ -2.,2. ,21]; (* scale factors for endoKoffTest *)
18 endoKoffTest = Copy[" endoKoff "]* scale; (* 1/ms , unbinding rates to test *)
19 pR = (dia/2) -0.275; (* measure 0.275 um from the edge of cylindrical buton *)
20 startAP = 1; (* ms, baseline befor AP *)
21 endAP = 6; (* ms, AP decay time *)
22 type = "Ca.dye.average ";
23
24 plots = {};
25 For[kf = 1,kf <= Length[endoKoffTest],kf++, (* loop for changing endoKoff *)
26 endoKoff = endoKoffTest [[kf]];
27 RunCalC [];
28 ImportCalC[type];
29 AppendTo[plots ,Data[type ]];
30 ExportXLS[ (* save data as xls file *)
31 FileNameJoin [{dirData ,"out","data.xls"}],
32 Data[type],"endoKoff="<>ToString[endoKoff]
33 ];
34 ];
35
36 Print[ListLinePlot[plots ,PlotRange ->All]]; (* display superimposed plots *)
37 (* END OF FILE *)
Listing 2: Example of a Mathematica script file reproducing Figure 19 A. Script
uses self-written packages (CalCoMathica and LukPack) and CalC (Matveev et
al., 2002).
2.2.10 Model optimisation
First, the cMFB grid size, model volume (Section 2.2.6.1), and calcium extrusion
pump parameters [Equation (24)] were optimised to reproduce Ca2+ transients
elicited by single APs and trains of APs recorded with various Ca2+ indicators in
the cMFB (Figure 10). Parameters were varied until the sum of the goodness of
fit of each Ca2+ indicator dye and each stimulation was minimal. Later, the AZ
volume was optimised to get the same average calcium concentration as for the
cMFB volume. For all simulations, a single set of optimised pump parameters
was used. To evaluate fitting of the model to the experimental data (the goodness
of fit), the following measure was used:
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χ2 =
N∑
i
([
Ca2+
]
mod,i
−
[
Ca2+
]
exp,i
)2
N
(37)
where:
[
Ca2+
]
mod,i
and
[
Ca2+
]
exp,i
are the
[
Ca2+
]
of ith data points of model and
experiment, respectively; and N is total number of data points.
2.2.11 Model parameters
Key parameters of the model were constrained by previous electrophysiological
experiments (Sheng et al., 2012; Ritzau-Jost et al., 2014), Ca2+-imaging mea-
surements (Delvendahl et al., 2015), and morphological data (Xu-Friedman and
Regehr, 2003). Parameters of the buffers used in simulations are listed in Ta-
ble 2. For all simulations the CalC accuracy parameter was set to 10−5. The
Ca2+ extrusion pump mechanism was modelled by Equation (24).
The cMFB model volume (Section 2.2.6.1) and parameters of the calcium ex-
trusion pump [γ, vpump, Kpump, and n of Equation (24)] were optimised to re-
produce Ca2+ transients elicited by single APs and trains of APs recorded with
various Ca2+ indicators in the cMFB (Figure 10). The values of the calcium
extrusion pump located at the lateral surface of the cylinder were as follows:
γ = 0.14 µm · s−1, vpump = 0.25 µM · µm · s−1, Kpump = 3.7 µM, and n = 2.5. La-
ter on, a single set of pump parameters was used for all simulations. Optimised
cylindrical volume had a radius of 0.9 µm and a length of 24.8 µm with a grid
size of 20 points in radial and longitudinal dimensions. At the lateral surface
of the cylinder, the 105 µs long Ca2+ current influx of 543 pA was implemented
(Ritzau-Jost et al., 2014). This implementation of influx represents uniformly
distributed channels over the cylindrical surface. Modelled free
[
Ca2+
]
was deter-
mined from occupancy of the Ca2+ indicator, analogous to experimental approach
[Equation (30); see Section 2.1.2 and 2.2.3]. All of the whole cMFB simulations
included fixed endogenous buffers and ATP. For fitting of the model to the expe-
rimental data (Figure 10, 13, 14, 18, and 19) gluconate and Ca2+ indicators were
also included. To investigate cMFB omitting the influence of the experimental
setup (unperturbed cMFB, Figure 15) mobile buffer was implemented but there
was no gluconate and Ca2+ indicators.
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Assuming 300 active zones per cMFB (Xu-Friedman and Regehr, 2003), measured
Ca2+ influx per AP of 543 pA (Ritzau-Jost et al., 2014), and a single channel
current of 0.15 pA (Sheng et al., 2012), twelve calcium channels per single active
zone were calculated (Figure 9). The distance between Ca2+ channels was set to
30 nm, which is consistent with freeze-fracture replica labelling (Ritzau-Jost et
al., 2014). Every channel in the active zone model (Section 2.2.6.2) was identical.
This means that channel open time of 105 µs (Ritzau-Jost et al., 2014) was the
same for each channel and single channel open probability was set to 1. Due
to symmetry of a square cuboid with respect to two perpendicular planes, Ca2+
dynamics on a fine spatial scale at a single active zone (Figure 16, 17, and 20) was
approximated by the quarter of the cuboid volume including three Ca2+ channels
(Figure 9 B). The AZ volume was optimised to get the same average calcium
concentration as for the cMFB volume so that x and y dimensions were 0.23 µm
(corresponding to half of the distance between neighbouring active zones; Xu-
Friedman and Regehr, 2003) and z dimension was 1.0 µm with a spatial grid of
50 × 50 × 30 points (x × y × z). Boundary conditions were set to no-flux on all
side surfaces and to Dirichlet (clamped to
[
Ca2+
]
rest
) on the top surface. On the
Ca2+ channels plane (cell membrane), the Ca2+ extrusion pump Equation (24)
was implemented. All of the active zone simulations (Figure 16, 17, 20 ) included
ATP, fixed and mobile buffers, but no gluconate to analyse unperturbed active
zone Ca2+ signalling.
Binding rates of EGTA at physiological temperature and pH 7.3 were used (Smith
et al., 1984), that results in KD of 200 nM, which is similar to commonly used
parameters estimated at room temperature (Naraghi and Neher, 1997; Nägerl et
al., 2000).
Sensitivity of the single active zone release model (Figure 16 and 17) to changes
in parameters was tested by systematically varying: the number of open Ca2+
channels (range: 4–36); single channel conductance (range: 0.05–0.4 pA); distance
between Ca2+ channels (range: 10–60 nm); the distance of the position where
the local Ca2+ concentration was sampled to the nearest Ca2+ channel (range:
10–60 nm); the number of x and y grid points (range: 10–80); and the CalC
accuracy parameter (range: 10−1–10−7).
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Table 2: Calcium and buffers parameters used in simulations of cMFB and single
active zone. [B], concentration; KD, dissociation constant; kon and koff, binding
kinetics; D, diffusion coefficient; κ, Ca2+-binding ratio.
[B]
(µM)
KD
(µM)
kon
(×108M−1s−1)
koff
(s−1)
D
(µm2s−1)
κ
Ca2+ 220a[
Ca2+
]
rest
0.057b
Endogenous buffers
Fixed 480c 32d 5e 16,000f 0 15g
Mobile 100h 0.2i 0.05i 1j 220k 500l
ATP 370m 200n 5n 100,000j 220n 1.85o
Gluconate 150,000p 57,000q 1q 5,700,000j 220q 2.6o
Ca2+ indicators
OGB-1 50p 0.22r 4.3s 95j 140 129t
100p 269t
OGB-5N 200p 22r 2.5u 5,500j 140 8.2t
Fluo-5F 50p 0.77r 3v 230j 140 50t
200p 208t
Fluo-4FF 100p 15.3r 3w 4,590j 140 5.9t
aAllbritton et al., 1992
bbased on Fig. S1 B in Delvendahl et al. (2015)
ccalculated as KD · κB
dcalculated as koff/kon
eHabets and Borst, 2006; Klingauf and Neher, 1997; compare with Figure 19
fHabets and Borst, 2006; compare with Figure 19
gsee Section 3.2
hsee Section 3.4
iimplemented as EGTA (see Section 3.4), value calculated at physiological temperature and
pH 7.3 (Smith et al., 1984)
jcalculated as KD · kon
kimplemented as EGTA (see Section 3.4), value (Meinrenken et al., 2002)
lcalculated as [B] /KD (for discussion see Section 4.2)
mfree ATP concentration calculated with Patcher’s Power Tools (Igor Pro extension freely
available at http://www3.mpibpc.mpg.de/groups/neher/index.php?page=aboutppt)
nMeinrenken et al., 2002
ocalculated as [B] /KD
pas used in experiments (Delvendahl et al., 2015)
qWoehler et al., 2014
rbased on Fig. S2 in Delvendahl et al. (2015)
sArendt et al., 2013
tincremental Ca2+-binding ratio calculated according to Eq. 1 in Helmchen et al. (1997)
uFaas et al., 2005
vKong et al., 2013
wKong et al., 2013; based on the assumption of properties similarity between Fluo-5F and
Fluo-4FF (Molecular Probes, 2011)
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3 Results
3.1 Reproducing cMFB experimental data
A crucial step to establish the cMFB model and the single active zone model (see
Section 2.2.6), was to reproduce experimental quantitative two-photon Ca2+ ima-
ging data recorded in cMFBs (Delvendahl et al., 2015). First, volume parameters
of the cMFB model were adjusted by simultaneously fitting of the amplitude of
the modelled Ca2+ transients with different Ca2+ indicators to experimentally
measured ones. Later, pump parameters were optimised to fit the decay of the
recorded Ca2+ transients. The best fit of the model to experimental Ca2+ tran-
sients, for all Ca2+ indicators, and both stimulations (i.e. single AP and train of
20 APs at 300Hz) is presented in the Figure 10. The same volume and pump
parameters were used for each simulation. Modelled traces are in the range of
±SD calculated for grand averages of experimental recordings of single APs and
in a similarly range for train stimulations.
3.2 Low Ca2+-binding ratio of endogenous fixed buffers
One of the most important free parameters in the model is the Ca2+-binding
ratio of endogenous fixed buffers (κE,fixed). It can be experimentally estimated
by loading a cellular compartment with various amounts of Ca2+ indicator dye
(Neher and Augustine, 1992; Neher, 1995). Briefly, Ca2+-sensitive dyes of different
affinities were used to measure Ca2+ transients elicited by single APs (Delvendahl
et al., 2015). Increasing Ca2+-binding ratio of exogenous buffers (κB) reduced
the amplitudes and prolonged the decay of Ca2+ transients. The inverse of the
amplitudes (A−1) and the decay time constants (τ) were linearly related to κB
(Neher and Augustine, 1992; Helmchen et al., 1997). Hence, the κE,fixed was
determined by linear extrapolation to abscissa as 17.1 and 12.5 from A−1 and
τ as a function of κB, respectively, resulting in a mean estimate of κE,fixed ≈ 15
(Delvendahl et al., 2015). Values ranging from 12 to 17 as well as a high Ca2+-
binding ratio of 100 were tested in simulations. The value of κE,fixed = 15 gave the
best fit to experimental data (Figure 11). That confirms that the Ca2+-binding
ratio of endogenous fixed buffers is low.
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500 ms
Figure 10: Fitting model to experimental Ca2+ transients. (A and B) Modelled
Ca2+ transients elicited by a single AP (A) and a train of 20 APs at 300Hz
(B) with different Ca2+ indicators (black) superimposed on the corresponding
experimental data. Dark grey lines are grand averages; shaded light grey areas
represent ±SD. The model was optimised for the best fit to all traces with a
single set of the parameters. Modified from Delvendahl et al. (2015).
3.3 Ca2+ transients in remote boutons indicate wash-out
of endogenous mobile buffers
The influence of endogenous mobile buffers on intracellular
[
Ca2+
]
was investiga-
ted during dye loading experiment (Figure 5; Delvendahl et al., 2015). There are
two possible outcomes of such an experiment. In the first scenario, if cMFBs con-
tain a substantial amount of endogenous mobile buffers with fast Ca2+-binding
kinetics, intracellular
[
Ca2+
]
amplitude (A) should increase and decay time con-
stant (τ) should decrease (Müller et al., 2007). In the second scenario, wash-out
of endogenous mobile buffers with slow Ca2+-binding kinetics should increase the
decay constant (τ) but not the amplitude (A) of the intracellular
[
Ca2+
]
.
The Ca2+ transients evoked by single APs were recorded in remote boutons along
the mossy fibre axon of patched cMFBs (Delvendahl et al., 2015). This resulted
in smaller amplitude and slower decay during dye loading (Figure 5 B). The intra-
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20 nM
100 ms
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500 ms
A B
Figure 11: Examples of modelled traces with different Ca2+-binding ratios of the
endogenous fixed buffers. (A and B) Two Ca2+-binding ratios of the endogenous
fixed buffers: κE,fixed = 15 (solid black) compared with κE,fixed = 100 (dashed
black), superimposed on the experimental data (grey) for a single AP with 50 µM
OGB-1 (A) and a train of 20 APs at 300Hz with 100 µM Fluo-4FF (B).
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Figure 12: Wash-out of endogenous mobile Ca2+ buffers. (A) Inverse of the am-
plitude (A−1; top) and decay time constant (τ ; bottom) of Ca2+ traces recorded
during dye loading as functions of added buffer Ca2+-binding ratio (κB). Dashed
lines represent linear fits. Same experiment as in Figure 5 B. (B) Simulation of
Ca2+ transients during simultaneous dye loading and washout of a slow 100 µM
endogenous mobile buffer with kinetics of an EGTA buffer. Modified from Del-
vendahl et al. (2015).
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bouton concentration and κB of Fluo-5F dye were calculated from the fluorescence
intensity. Linear extrapolation to abscissa of A−1 and τ as functions of κB resulted
in low estimate of κE (Figure 12 A). According to the second scenario described
above, these results imply a wash-out of slow endogenous mobile Ca2+ buffers.
Slow buffers accelerate the decay of residual Ca2+ and its initial presence cause an
underestimation of κE (Lee et al., 2000). Indeed, simulation of the simultaneous
wash-in of Fluo-5F and wash-out of endogenous mobile buffers with slow Ca2+-
binding kinetics replicated these observations (Figure 12 B). Therefore, cMFBs
contain a significant amount of slow endogenous mobile Ca2+ buffers.
3.4 Mobile buffers at cMFBs have slow binding kinetics
Mobile buffers play an important role at cMFBs. Their impact on residual Ca2+
can be investigated experimentally by comparing Ca2+ transients at the same dye
concentration in patched and remote boutons. Briefly, transients measured with
∼ 50 µM Fluo-5F during dye loading in remote cMFBs were compared with Ca2+
transients recorded using 50 µM Fluo-5F in patched cMFBs (Delvendahl et al.,
2015). Similar amplitudes and significantly faster decay indicate the presence of
a mobile buffer with slow binding kinetics in remote boutons (Sala and Hernández-
Cruz, 1990). Speeding of the initial decay time constant (τ) present in remote
boutons was reproduced by 100 µM EGTA in the patch pipette. (Delvendahl
et al., 2015). Simulations of mobile buffers effect on the Ca2+ transient, with
EGTA-like kinetics, well replicated experiments for single APs (Figure 13 A and
B) and trains of 20 APs at 300Hz (Figure 13 C–F). These results suggest that
the endogenous mobile buffers at cMFBs are comparable to ∼ 100 µM EGTA.
Furthermore, they have a high affinity for binding Ca2+ with slow kinetics.
3.5 Build-up of residual Ca2+ during high-frequency firing
Previous studies have pointed out that cMFBs are capable of firing exceptionally
high-frequency trains of APs (Rancz et al., 2007; Jörntell and Ekerot, 2006), eli-
54
A20 ms
0.5 µM
E
B F
50 nM
100 ms
1.5
1.0
0.5
0.0
Sl
op
e-
no
rm
al
ize
d 
am
pl
itu
de
200
100
0
100
50
0
C
20 ms
0.5 µM
D
Sl
op
e-
no
rm
al
ize
d
am
pl
itu
de
1.5
1.0
0.5
0.0 n
 =
 7
n 
=
 2
1
*
Flu
o-5
F
+1
00 
µM
 EG
TA
Flu
o-5
F
+1
00 
µM
 EG
TA
Flu
o-5
F
+1
00 
µM
 EG
TA
Flu
o-5
F
+1
00 
µM
 EG
TA
τ(ms) A (nM)
Figure 13: Impact of endogenous mobile Ca2+ buffers on residual Ca2+ tran-
sients in cMFBs. (A) Modelled Ca2+ transients (green and red) superimposed
on experimental data (grey) for a single AP with 50 µM Fluo-5 (green) and in
addition of 100 µM EGTA (red). (B) Decay time constants (τ) and amplitudes
(A) of simulated residual Ca2+ transients evoked by a single AP (data from panel
A). (C) Grand averages of experimentally recorded Ca2+ transients elicited by
the train of 20 APs at 300Hz with 50 µM Fluo-5 (green) and with 50 µM Fluo-
5 and 100 µM EGTA (red). Time points of the APs are indicated by dashed
lines. (D) Average slope normalised amplitude of the Ca2+ transients recorded
in response to 300Hz train of 20 APs. Addition of 100 µM EGTA reduced the
amplitude by 30% (P = 0.046; unpaired t-test). (E) Modelled Ca2+ transients
elicited by the train of 20 APs at 300Hz with 50 µM Fluo-5 (green) and with
50 µM Fluo-5 and 100 µM EGTA (red). Time points of the APs are indicated by
dashed lines. (F) Slope normalised amplitude of the Ca2+ transients simulated
in response to 300Hz train of 20 APs. Addition of 100 µM EGTA reduced the
amplitude by ∼ 30% similar to experimental data showed in panel D. Modified
from Delvendahl et al. (2015).
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citing synchronous neurotransmitter release (Ritzau-Jost et al., 2014; Sargent et
al., 2005). Thus, the build-up of Ca2+ during high-frequency bursts (20 APs at
300Hz) was experimentally investigated (Delvendahl et al., 2015). In brief, Ca2+
influx per AP during train stimulation was analysed by pharmacologically isola-
ting the Ca2+ current evoked by AP-like stimuli (200 µs to 0mV; Figure 14 A).
During trains of APs at 300Hz, Ca2+ currents displayed facilitation (Figure 14 B),
consistent with P/Q-type voltage-gated Ca2+ channels at cMFBs (Ritzau-Jost et
al., 2014). That finding was implemented in the model. High temporal resolution
Ca2+ imaging demonstrated the increase of residual
[
Ca2+
]
induced by individual
APs (Figure 14 A). This seemed to be constant for the first APs of the train and
was replicated by the model (Figure 14 A). The role of mobile endogenous Ca2+
buffers was studied by adding 100 µM of EGTA to the intracellular solution (Fi-
gure 13). The average peak amplitude dropped by ∼ 30% (p = 0.046; Figure 13
C and D). Implementation of 100 µM EGTA in simulations gave the same results
— the peak amplitude was reduced by 31% (Figure 13 E and F). According to
the presented data, the build-up of residual Ca2+ during high-frequency bursts
at cMFBs is decreased by the endogenous mobile Ca2+ buffers (Figure 13).
3.6 Modelling of Ca2+ transients in an unperturbed bou-
ton
Every Ca2+ indicator used in experiments acts as a Ca2+ buffer, perturbing in-
tracellular
[
Ca2+
]
(Neher and Augustine, 1992). By taking advantage of com-
putational modelling, it is possible to analyse residual and active zone Ca2+ in
unperturbed boutons. For that purpose, Ca2+ indicators were removed from the
model.
All parameters and factors influencing intracellular
[
Ca2+
]
were based on the
experiments described in previous sections of Results. The following aspects were
taken into consideration in the model:
• low Ca2+-binding ratio of endogenous fixed buffers (κE,fixed = 15, Section 3.2);
• mobile buffers with a slow Ca2+-binding kinetics (100 µM EGTA-like buffer,
Section 3.4);
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Figure 14: Build-up of residual
[
Ca2+
]
during high-frequency firing. (A) Top:[
Ca2+
]
measured during the first five stimuli of 300Hz AP firing in a cMFB with
50 µM Fluo-5F (3 kHz temporal resolution; grey) superimposed with a prediction
of the cylindrical cMFB model (black); Middle: voltage command; Bottom: cor-
responding presynaptic Ca2+ current. (B) Average peak Ca2+ currents amplitude
during high-frequency trains normalised to the first amplitude and plotted vs.
stimulus number (n = 5 cells). This facilitation of current was implemented for
all train stimulations in cMFB and single active zone models. Modified from
Delvendahl et al. (2015).
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Figure 15: Modelling of the Ca2+ transients in an unperturbed bouton. Modelled
Ca2+ transients elicited by a single AP (A and C) and train of 20 APs at 300Hz
(B and D) at an unperturbed bouton excluding Ca2+ indicator dye, with 100 µM
of mobile buffer (A and B) and without it (C and D). Panels A and B modified
from Delvendahl et al. (2015).
• facilitation of the Ca2+ current and build-up reduction of the residual Ca2+
during high-frequency firing (i.e. 300Hz, Section 3.5).
Potential influence of the intracellular solution on Ca2+-extrusion mechanisms
was neglected. Adding endogenous mobile buffers remarkably accelerates Ca2+
transients decay time constant τ after a single AP (Figure 15 A vs C) and prevents
build-up of the Ca2+ during train stimulation (Figure 15 B vs D). These data show
that the residual Ca2+ decays with a time constant τ = 26ms following a single
AP and demonstrate the summation of the
[
Ca2+
]
up to a few µM during high-
frequency firing in unperturbed cMFBs.
3.7 Weak endogenous fixed buffers accelerate active zone
Ca2+ signalling
Although during high-frequency firing at cMFBs, substantial summation of the
residual Ca2+ occurs, neurotransmitter release is highly synchronous at cMFBs.
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Figure 16: The collapse of the free
[
Ca2+
]
microdomain is rapid. (A) Illustration
of the single active zone membrane surface with twelve calcium channels marked
in grey. Placement of channels and all parameters of the model as described in
Section 2.2.6.2. (B) Free
[
Ca2+
]
plotted for three time points (t = 1 µs, 50 µs,
and 1ms) after the end of the AP at t = 0. Collapse of the individual Ca2+
channel Ca2+ domains is rapid. Within 1 µs, domains collapsed by 75% and after
50 µs only the free
[
Ca2+
]
microdomain is still present. The distance of 20 nm
from the channel is marked with a black arrow (A and B). Panel B modified from
Delvendahl et al. (2015).
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Figure 17: Weak endogenous fixed buffers accelerate the active zone Ca2+ signal-
ling. (A) Local
[
Ca2+
]
during a train of 20 APs at 300Hz simulated 20 nm from
the most distal Ca2+ channel (as illustrated in Figure 16 A). The 1st and 20th
AP of this trace were further analysed (B–E). (B) The
[
Ca2+
]
peak amplitude
was decreased with increase of κE,fixed for both APs (light and dark grey), but
remained unchanged by increase of the mobile buffer concentration (light and
dark blue). The Ca2+ channel opening and the corresponding local
[
Ca2+
]
exam-
ple are illustrated on the left. (C) Active zone Ca2+ clearance was delayed with
increase of the κE,fixed (∼ 5-fold slower for κE,fixed = 100 than for κE,fixed = 15
marked in the figure), but was independent of the mobile buffer concentration in
the range of 0–200 µM. (D) Relative Ca2+ build-up dropped down with increase
of κE,fixed up to 50 or increasing concentrations of mobile buffer. (E) The spatial
extent of active zone Ca2+ was measured as FWHM of a line profile through the
centre of the AZ (marked by black solid line in Figure 16 A) 50 µs after the AP.
Spreading of the Ca2+ decreased with κE,fixed increase, but was unaffected by the
mobile buffer concentration. Modified from Delvendahl et al. (2015).
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To investigate the underlying processes, development of the detailed computatio-
nal model was crucial. This allows to closely analyse the spatiotemporal dynamics
of Ca2+ and the importance of endogenous fixed and mobile buffers at the active
zone where experimental approaches, in such manner, are not yet available (Au-
gustine et al., 2003; Eggermann and Jonas, 2012; Roy et al., 2014). The model of
active zone Ca2+ diffusion and buffering was based on the well established cMFB
experimentally constrained model described above. The active zone volume was
approximated by a square-based cuboid (Figure 9) with twelve calcium channels
located in the membrane (Figure 16 A).
The dynamics of the calcium entering through calcium channels was modelled in
three dimensions over time for a single AP. The free calcium concentration in the
volume surrounding calcium channels was monitored. Immediately after the end
of the AP (t = 0, Figure 16 B) calcium domains centred in the middle of each
channel, reach up to 300 µM calcium concentration. The collapse of this domains
is rapid. Already within 1 µs, individual calcium channel domains collapse by
75% and after 50 µs only the free
[
Ca2+
]
microdomain is present (Figure 16 B).
Finally, calcium is extruded from the calcium channels region, so that it fully
decays to the residual calcium level after about 1ms (Figure 16 B).
Simulation of the local
[
Ca2+
]
elicited by the train of 20 APs at 300Hz was set
at 20 nm distance from the most distal calcium channel (Figure 17 A). Further
analyses were focused on a difference between 1st and 20th AP for different Ca2+-
binding ratios of endogenous fixed buffer (κE,fixed) and varying concentrations of
the mobile buffer (Figure 17 B–E). The following functionally relevant aspects
were examined:
1. The local
[
Ca2+
]
peak of the 1st and 20th AP greatly decreased with
increase of κE,fixed (∼ 40% between κE,fixed = 15 and 100). On the other
hand, increasing the endogenous mobile buffer concentration (0–200 µM)
had barely any effect on the local
[
Ca2+
]
peak of both APs (Figure 17 B).
2. The local Ca2+ clearance, defined as the time of the
[
Ca2+
]
decrease to
20% of the peak during the AP, was 5-fold faster for κE,fixed = 15 compared
with 100 for the 1st AP and close to 4-fold for 20th AP. Clearance was
independent of the endogenous mobile buffer concentration for both of the
compared APs (Figure 17 C).
61
3. The relative Ca2+ build-up during train, defined as the
[
Ca2+
]
before
the 20th AP normalised to the peak
[
Ca2+
]
of the 1st AP. Increase of the
κE,fixed up to 50 reduced the relative build-up ∼ 2-fold, but further increase
had no effect. Increasing the mobile buffer concentration up to 200 µM
reduced the relative build-up ∼ 3-fold (Figure 17 D).
4. The spatial extent of active zone Ca2+, calculated as the full-width
at half-maximum (FWHM) of a line profile through the AZ centre, 50 µs
after the AP. FWHM remarkably decreased with increase of κE,fixed, but re-
mained unaltered by varying concentration of the endogenous mobile buffer
(Figure 17 E). This is consistent with the calculations of the mean distance
that a Ca2+ ion diffuses, before being captured by a buffer molecule (length
constant, Neher, 1998; Vanselow and Keller, 2000).
Different parameters shaping the calcium channels neighbourhood, as well as
accuracy and grid parameters of the CalC, were tested (Section 2.2.11). However,
the results were comparable to the results presented in the Figure 17.
The active zone Ca2+ modelling shows that a low κE,fixed enables high-amplitude
active zone Ca2+ signals with large spatial extent, and a rapid decay. Moreover,
the model predicts that the build-up of the Ca2+ between APs in a train stimula-
tion is inversely related to the endogenous mobile Ca2+ buffer concentration, i.e.
high buffer concentrations reduce the build-up of Ca2+. Together with the endo-
genous fixed buffers that have low affinity for binding Ca2+ and low Ca2+-binding
ratio, endogenous mobile buffers that have high affinity for binding Ca2+, accele-
rate active zone Ca2+ clearance empowering reliable synchronous high-frequency
transmission.
3.8 Ca2+ signals at different distances from active zones
The Ca2+ clearance from the active zone after an AP takes no longer than 1ms
(Figure 16 B). This rapid clearance implies that already during an AP, Ca2+
diffuses from the active zone further into the presynaptic terminal. Intuitively,
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Figure 18: Ca2+ signals at different distances from active zones. (A) Exam-
ple of two-photon image of a bouton filled with 10 µM Atto594 and 200 µM
OGB-5N. Note marked positions of the line scans at the centre (black) and close
to the edge of boutons (grey). (B) Illustration of the cylindrical cMFB model
(Section 2.2.6.1). Ca2+ influx occurs at the side surface of the cylinder, where
active zones are located (grey dots indicate calcium channels). Crosses mark the
location of the centre (black) and the edge (grey) in the model, that are located
0.9 µm and 275 nm from the active zone (surface), respectively. (C) Grand avera-
ges of measured Ca2+ signals superimposed with the model predictions (solid
bold line) at two distances from the surface as illustrated in B. Data were peak
normalised and binned with 0.2ms (edge, n = 20) or 0.3ms bin duration (centre,
n = 20); error bars represent ±SEM. Modified from Delvendahl et al. (2015).
the rise of
[
Ca2+
]
deeper within the cMFB (centre) should be slower than at
the active zone (edge). This prediction was experimentally confirmed by me-
asurements with increased spatio-temporal resolution and with the low-affinity
dye (Delvendahl et al., 2015). High-resolution point and line scan measurements
(5–10 kHz and 1–3 kHz sampling rate, respectively) with the use of 200 µM OGB-
5N showed extremely rapid kinetics of the
[
Ca2+
]
rise close to the edge of cMFBs
(0.143 ± 0.01ms; n = 20; average distance to membrane, 278 ± 42 nm), signi-
ficantly faster than at the centre (2.20 ± 0.37ms; n = 20; p < 0.001, unpaired
t-test; Delvendahl et al., 2015). The difference in Ca2+ kinetics at locations close
to membrane and more towards the middle of the cMFB is supposedly an effect of
Ca2+ microdomain equilibration within cMFBs. The influx of Ca2+ in the model
of the cMFB (Section 2.2.6.1) was implemented through the lateral surface area
of the cylinder mimicking the ∼ 300 active zones at the membrane of the cMFBs
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Figure 19: Kinetics of endogenous fixed Ca2+ buffers. Detailed kinetics of
[
Ca2+
]
at the edge of cMFBs were analysed. (A) Backward binding rate (koff) or (B) for-
ward binding rate (kon) and total concentration of endogenous fixed buffer were
varied such that κE,fixed was constant. Grand average from the experimental data
measured at the edge of cMFBs (black) are as in the Figure 18 C (A and B).
(C) Plot of the measure of the goodness of fit (χ2) as a function of koff. The
constant value of kon = 5× 108 s−1M−1 was set. Top axis denotes the KD of the
endogenous buffer. (D) Plot of χ2 as a function of kon. The constant value of
koff = 1.6 × 104 s−1 was set. Top axis denotes the KD of the endogenous buffer.
(E) Plot of χ2 as a function of kon and koff. The values used in the simulati-
ons are marked by the cross showing data from panels C and D. Modified from
Delvendahl et al. (2015).
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(Figure 18 B). The concentration of the Ca2+at two positions, corresponding to
experimental locations, was investigated:
• centre — located in the middle of the cylinder, 0.9 µm from the side surface
of the cylinder;
• edge — located 275 nm from the side surface of the cylinder.
Traces from both positions of the model reproduced the corresponding experi-
mental grand-averages (Figure 18 C), which further supports the accuracy of my
cMFB model.
Fitting of the model to high temporal resolution data at the edge of cMFBs
(Figure 19) revealed the following boundaries for the binding kinetics of the en-
dogenous fixed buffer: koff > 104 s−1, KD > 20 µM, and kon 6 6 × 109 s−1M−1,
which is close to the diffusion-limited association rate (109–1010 s−1M−1; Jackson,
2006). Borders estimated for koff and KD are analogous to previously reported
values at the calyx of Held presynaptic terminal (Habets and Borst, 2006; Naka-
mura et al., 2015) and at chromaffin cells (Xu et al., 1997). This reveals that, at
cMFBs, the Ca2+-binding affinity of the endogenous fixed buffers is low and the
Ca2+-binding kinetics is fast.
3.9 Weak endogenous fixed buffers enable highly synchro-
nous release
Modelling is a convenient and valuable tool to study the impact of the endoge-
nous fixed buffers on the synchronous mode of neurotransmitter release. Thus,
the release rate was simulated during a single AP (Figure 20) in the AZ model
(Figure 16 A; Section 2.2.6.2). These simulations showed a strong relationship
between amplitude and duration of the vesicular release rate, and κE,fixed (Fi-
gure 20 A). The FWHM of the release rate for κE,fixed = 15 was 114 µs, which is
comparable to values measured previously (Sargent et al., 2005). On the other
hand, for κE,fixed = 100, the FWHM was prolonged 2.8 times. To test the sen-
sitivity of these results on the used release scheme, several release schemes were
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Figure 20: Release rate for a single AP. (A) Comparison of the local
[
Ca2+
]
(middle) and release rate (bottom) at the channel to vesicle coupling distance of
20 nm, as marked on Figure 16 A, for a single AP with a two different binding
ratios: κE,fixed = 15 (black) and κE,fixed = 100 (grey). The FWHM of the release
rate for κE,fixed = 15 (FWHM15) and κE,fixed = 100 (FWHM100) are illustrated.
The five site kinetic model of release (Schneggenburger and Neher, 2000; des-
cribed in Section 2.2.7.1) with parameters of Wang et al. (2008) for P16–P19
mice (Table 1) was implemented. Release scheme was adjusted as described in
Section 2.2.7. To set release probability to 0.3 (Hallermann et al., 2010), the
values of kon,Ca2+ and koff,Ca2+ were multiplied and divided by 1.065, respectively.
This results in kon,Ca2+ = 1.35 × 108M−1s−1 and koff,Ca2+ = 14, 742 s−1. (B) The
ratio of FWHM of the release rate for κE,fixed = 100 to FWHM of the release
rate for κE,fixed = 15 plotted for various implementations of the release scheme
and different methods of adjusting release probability to 0.3 (Hallermann et al.,
2010). Scheme was adjusted by increasing kon,Ca2+ (kon adjusted), decreasing
koff,Ca2+ (koff adjusted) or increasing kon,Ca2+ and decreasing koff,Ca2+ by the same
factor (kon & koff adjusted). Modified from Delvendahl et al. (2015).
compared as explained in Figure 20 B. The results showed little dependence on
used release scheme. Therefore, the strength of endogenous fixed Ca2+ buffers is
one of the factors that limit the synchronicity of neurotransmitter release.
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4 Discussion
Endogenous calcium buffers, both fixed and mobile, control the dynamics of the
calcium inside the cell, and regulate neurotransmitter release from the presynaptic
terminal (Gabso et al., 1997; Burrone et al., 2002; Samigullin et al., 2015). The
results of the deterministic modelling of the cMFB and its AZ presented in this
work, helped to identify the mechanisms controlling the speed of active zone Ca2+
signalling.
4.1 Low Ca2+-binding ratio of the endogenous fixed buf-
fers
The Ca2+-binding ratio of the endogenous fixed buffers (κE,fixed) has been inves-
tigated before at a few types of presynaptic terminals. Determined values vary
from ∼ 20 at hippocampal mossy fibre boutons (Jackson and Redman, 2003),
∼ 50 at spinal motor neurons (Palecek et al., 1999), ∼ 56 at boutons of cerebel-
lar granule cells (Brenowitz and Regehr, 2007), ∼ 140 at boutons of layer 2/3
neocortical pyramidal cells (Koester and Sakmann, 2000), to up to ∼ 1000 at the
crayfish neuromuscular junction (Tank et al., 1995). However, somatic or axonal
loading in these studies might have caused either overestimation of κE,fixed, or,
as demonstrated in Figure 12 B, underestimation of κE,fixed due to mobile buffers
contribution. Only at some presynaptic terminals, e.g. calyx of Held (Müller
et al., 2007) and terminals of retinal bipolar cells (Burrone et al., 2002), it was
possible to dissect mobile and fixed buffers. Estimates of the κE,fixed at the calyx
of Held gave a value of ∼ 22 (Neher and Taschenberger, 2013), ∼ 40 (Helmchen
et al., 1997; Nakamura et al., 2015), or ∼ 46 (Babai et al., 2014). The model of
the cMFB presented in this dissertation, reproduced experiments where a value
of ∼ 15 was obtained (Delvendahl et al., 2015; Figure 10 and 11). In conclusion,
the value of the κE,fixed resolved at cMFBs is the lowest reported up till now.
Low κE,fixed accounts for rapid calcium dynamics at relatively low energy level
(Palecek et al., 1999), larger calcium microdomains around open channels (Ro-
berts, 1994; Neher, 1995; Klingauf and Neher, 1997) and acceleration of active
zone Ca2+ signalling (see below).
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Fitting of the model to the high-resolution data showed that the endogenous fixed
buffers have low affinity for binding Ca2+. Estimated lower boundary, KD >
20 µM (Figure 19) have the same order of magnitude as values estimated at the
calyx of Held (Habets and Borst, 2006; Nakamura et al., 2015). This implies,
that there is at least 300 µM of fixed buffers present at cMFBs (determined as
κE,fixed ·KD where κE,fixed = 15 and KD = 20 µM).
4.2 Slow binding kinetics of the endogenous mobile Ca2+
buffers
Comparison of the patched and remote cMFB revealed that there is a significant
role of mobile Ca2+ buffers with slow, EGTA-like kinetics (Delvendahl et al., 2015;
Figure 12 and 13). These buffers have high affinity for binding Ca2+ with slow
kinetics that hastens the decay of the residual Ca2+ in cMFBs (Figure 13) similar
to mobile Ca2+ buffers at the calyx of Held (Müller et al., 2007). On the other
hand, endogenous mobile Ca2+ buffers do not affect active zone Ca2+ clearance
(Figure 17; see below). When the Ca2+-binding ratio of the mobile buffer is
calculated from the equation, κB = [B]tot /KD, it gives κB = 500 (Table 2).
However, at cMFBs extrusion and equilibration time constant are both in the
range of 100ms (Figure 10, 14, and 15) what makes the concept of a binding
ratio for mobile buffers misleading (Lee et al., 2000).
Due to the fact that Ca2+ traces were similar in remote cMFBs when endoge-
nous mobile Ca2+ buffers were present, and in patched boutons in the presence
of EGTA (Figure 13; Delvendahl et al., 2015) — endogenous mobile Ca2+ buffers
were implemented in simulations as an EGTA buffer without any cooperativity
(Faas et al., 2007; Schwaller, 2009). Although the molecular identity of endoge-
nous mobile Ca2+ buffers at cMFBs remains elusive, previous studies may suggest
that parvalbumin, kinetically similar to EGTA (Schwaller et al., 2002), seems a li-
kely candidate for a slow endogenous mobile Ca2+ buffer (Baimbridge et al., 1992;
Müller et al., 2007; Schwaller, 2010; Eggermann and Jonas, 2012). Observations
at the calyx of Held synapse, revealed that the effect of 100 µM EGTA is analo-
gous to 50 µM parvalbumin (Müller et al., 2007). That is lower than ∼ 80 µM of
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parvalbumin estimated for dendrites of Purkinje cells (Schmidt et al., 2003) and
∼ 150 µM for axons of cerebellar interneurons (Collin et al., 2005). Other candi-
dates are Ca2+-binding proteins like calretinin and calbindin-D28k (Baimbridge
et al., 1992; Schwaller, 2010).
4.3 Acceleration of active zone Ca2+ signalling
The active zone modelling developed in this study revealed that low Ca2+-binding
ratio of the endogenous fixed buffers (κE,fixed) is crucial for the formation of Ca2+
microdomains that have high amplitudes, large spatial extent, and that collapse
rapidly (Figure 16 and 17). Low κE,fixed facilitates active zone Ca2+ signalling
by efficient clearance of the Ca2+ from the active zone (Figure 17). One of the
possible reasons for such a facilitation might be the increase of the apparent Ca2+
diffusion coefficient by the reduced Ca2+-binding ratio of the fixed endogenous
Ca2+ buffers (Gabso et al., 1997) while another might be less unbinding of Ca2+
from the fixed buffers in-between APs.
One of the important roles of the slow mobile endogenous Ca2+ buffers is to
hinder facilitation of intracellular
[
Ca2+
]
during high-frequency firing without
affecting active zone Ca2+ signalling at cMFBs (Figure 13 and 17). However,
mobile buffers seem to affect active zone Ca2+ signalling at hippocampal mossy
fibre boutons (Vyleta and Jonas, 2014), and ribbon-type synapses (Burrone et al.,
2002; Edmonds et al., 2000; Pangršič et al., 2015) where the kinetics of mobile
buffers is faster and/or the vesicle to Ca2+ channel coupling distance is larger
than at cMFBs. Under these circumstances, it is expected that active zone Ca2+
signalling is influenced by Ca2+ binding to the slow buffers and an acceleration
of the apparent Ca2+ diffusion by mobile buffers (Zhou and Neher, 1993; Gabso
et al., 1997; Soler-Llavina and Sabatini, 2006). The presented data contradict
the idea that synaptic facilitation is caused by a substantial saturation of the
endogenous mobile Ca2+ buffer in the whole presynaptic terminal (Maeda et al.,
1999; Blatow et al., 2003; Matveev et al., 2004). The saturation of the endoge-
nous fixed Ca2+ buffers might allow the slow endogenous mobile Ca2+ buffers to
influence local Ca2+ signals (Eggermann and Jonas, 2012). However, at cMFB
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synapses, the low affinity for binding Ca2+of the endogenous fixed Ca2+ buffers
prevents its substantial saturation (Figure 19).
The results of this study showed that active zone Ca2+ signalling is accelerated
by endogenous fixed Ca2+ buffers granting collapse of local Ca2+ signals due
to the fast diffusional clearance, and by endogenous mobile Ca2+ buffers with
slow kinetics of Ca2+ binding during high frequency stimulation. Larger values
of the presynaptic κE,fixed estimated before (discussed in Section 4.1) and the
slower firing regimes of the corresponding synapses suggest that the strength of
the endogenous fixed Ca2+ buffers limits the maximum frequency of synchronous
transmission.
The local
[
Ca2+
]
peak at the modelled AZ (Figure 16 and 17) changes with
number and location of the calcium channels, distance between calcium channels,
and coupling distance of the vesicle to calcium channels as expected from earlier
reports (Kaeser and Regehr, 2014; Schmidt et al., 2013; Matveev et al., 2002;
Holderith et al., 2012; Scimemi and Diamond, 2012; Wang et al., 2008). The ratio
of the active zone Ca2+ clearance time at κE,fixed = 100 to the clearance time at
κE,fixed = 15 (marked in Figure 17 C) varies in the range of 3.2 to 8.9 with model
parameters. However, the main finding of this study is not affected, namely,
active zone Ca2+ signalling is accelerated by the presence of the endogenous fixed
Ca2+ buffers with low κE,fixed independent of the parameters of the AZ model.
4.4 Deterministic vs stochastic modelling
In the past, approaches utilising either deterministic or stochastic modelling have
been successfully used to study Ca2+ dynamics and/or Ca2+-triggered neurotrans-
mitter release in neurons. Stochastic models (i.e. using Monte Carlo method,
Metropolis and Ulam, 1949) were implemented for example at the calyx of Held
(Gil and González-Vélez, 2010; Gonzáles-Vélez, 2012; Keller et al., 2015), at the
neuromuscular junction (Dittrich et al., 2013), in neuroendocrine cells (Gil et al.,
2000), or in a synapse of an arbitrary structure (Kerr et al., 2008; Dilger, 2010).
Some of these studies (Kerr et al., 2008; Dilger, 2010; Keller et al., 2015) used
MCell software (http://mcell.org/). On the other hand, deterministic models
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were used for simulations e.g. at the neuromuscular junction (Matveev et al.,
2006; Pan and Zucker, 2009), at the calyx of Held (Wadel et al., 2007; Neher
and Taschenberger, 2013), at parallel fibre synapses (Schmidt et al., 2013), and
in hippocampal mossy fibre boutons (Vyleta and Jonas, 2014).
In fact, the intracellular calcium signalling displays stochastic and deterministic
nature. Simulation of large neuronal systems may require hybrid models that
cover both feature types. However, depending on the scale of the system to be
modelled, different strategies may be preferred.
According to the law of large numbers (Kotelenez, 1986), noise deviation of the
concentration decreases with the increase of the number of molecules in the popu-
lation. Which means that, for a large number of molecules, population dynamics
is well described by less computationally expensive deterministic models.
As shown in this study, local
[
Ca2+
]
at the AZ of cMFB is relatively high (Fi-
gure 16 and 17). This justifies the use of the deterministic modelling of the Ca2+
diffusion and buffering, and neglecting
[
Ca2+
]
fluctuations related to the diffusion
process. In order to ensure smallest possible error, high accuracy parameter and
grid size in CalC simulations were used (see Section 2.2.6 and Section 2.2.11).
Additionally, the time course of the
[
Ca2+
]
was calculated using the adaptive
time-step method with a small error tolerance (Söderlind and Wang, 2006).
Modchang et al. (2010) showed that global and local
[
Ca2+
]
are comparable for
stochastic (MCell) and deterministic models of diffusion. However, the imple-
mentation of the stochastic opening of the VGCCs has a major effect on the
release probability. They achieved an error of less than 20% for the deterministic
simulations in the microdomain coupling regime. For the nanodomain, the error
increases and stochastic implementations are beneficial. On the other hand, sto-
chastic implementation of probability of calcium channels being open < 1 (Sheng
et al., 2012) would result in a larger number of channels per simulated AZ due to
the constraint by the measured Ca2+ influx (see Section 2.2.11). More calcium
channels would lead to an increase of the net distance between open channels
and affect the release probability. However, the sensitivity analysis of the single
AZ release model to changes in the number of channels and the distance between
channels (see Section 2.2.11) showed no influence of these parameters on the main
findings of this study.
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To further improve my AZ model in the future studies, deterministic simulations
of the Ca2+ buffering and diffusion might be complemented by stochastic model-
ling of Ca2+ channel opening (similar to: Matveev et al., 2009; Modchang et al.,
2010). Depending on the
[
Ca2+
]
, switching between deterministic and stochastic
model of the diffusion might be another point worth considering. Finally, it is
also possible to implement hybrid stochastic-deterministic algorithms (Choi et
al., 2010; Hepburn et al., 2012; Nagaiah and Rüdiger, 2012; Hepburn et al., 2013;
Rüdiger, 2014).
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5 Conclusions and outlook
In this study, I developed a detailed, experimentally-constrained model of the
active zone calcium dynamics at cerebellar mossy fibre boutons. With my model,
I aimed to understand the mechanisms controlling calcium spread around calcium
channels. The simulations that I performed replicated experimental data where
Ca2+-binding ratio of endogenous fixed buffers of ∼ 15 was obtained (Delven-
dahl et al., 2015). Furthermore, my simulations revealed that a low Ca2+-binding
capacity enables rapid diffusional extrusion of the active zone Ca2+, which ensu-
res synchronous release and that mobile buffers counteract Ca2+ build-up at the
active zone during high frequency firing. These findings provide knowledge essen-
tial to understand the Ca2+ dynamics at the vesicle release site. For the future,
this active zone model can serve as a framework for studies of neurotransmitter
release at central synapses.
73

Summary
Dissertation
for the award of the degree
“Doctor rerum medicinae”
at the Faculty of Medicine
of the Leipzig University
submitted by
M.Sc.Eng. Łukasz Jabłoński
Carl Ludwig Institute for Physiology
Faculty of Medicine
Leipzig University
supervised by
Prof. Dr. med. Stefan Hallermann
May 2017
Cerebellar mossy fibres are the primary synaptic inputs to the cerebellum. They
form numerous synaptic boutons connecting granule cells and can maintain sy-
nchronous neurotransmitter release at very high action potential frequencies of
up to ∼ 1 kHz (Ritzau-Jost et al., 2014). The exocytosis of synaptic vesicles is
controlled by localised calcium signals at the active zone. For reliable and fast
synaptic transmission, removal of the calcium ions from the active zone is neces-
sary. Up to now, the exact mechanisms contributing to calcium clearance remain
unclear.
During the work described in this dissertation, I developed an experimentally-
constrained deterministic computational model of the active zone calcium dyna-
mics at cerebellar mossy fibre boutons. This model enabled investigation of the
mechanisms controlling calcium spread around calcium channels and the process
of vesicle release. The following aims were addressed:
• revealing the role of the Ca2+-binding ratio of the endogenous fixed buffer
in shaping calcium dynamics;
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• characterisation of properties of the endogenous mobile buffer and its influ-
ence on the intracellular Ca2+ concentration during high-frequency firing;
• defining the relation between the Ca2+-dependent vesicle release and active
zone topography.
Simulations of the calcium dynamics included calcium influx through voltage-
gated calcium channels, diffusion in volume, buffering by mobile and fixed buffers,
extrusion by the surface calcium pump based on the novel mechanism suggested
by Prof. Erwin Neher, and uptake by e.g. mitochondria and/or endoplasmic reti-
culum. Two topologies were considered: the entire cerebellar mossy fibre bouton
(cMFB model) and a single active zone (AZ model). Determination of the mo-
del parameters and their evaluation was performed by fitting the cMFB model
to experimental data, including patch-clamp recordings as well as quantitative
two-photon Ca2+ imaging (experiments performed by Dr. Igor Delvendahl; Del-
vendahl et al., 2015). Parameters of the model that reproduced experimental
data, later were used in the AZ model. In order to study the active zone of the
cerebellar mossy fibre bouton unperturbed by the experimental setup, gluconate
and Ca2+ indicators were excluded from the simulations. Models were imple-
mented in CalC 7.7.4 (Matveev et al., 2002) controlled with self-written Wolfram
Mathematica 10 package. This allows automatic models optimisation and further
data analysis. The time course of vesicular release rate at cerebellar mossy fibre
boutons, was investigated with the use of the model of the active zone inclu-
ding a calcium release sensor located at 20-nm distance from the nearest calcium
channel.
The established model offered insights on endogenous calcium buffer properties
and allowed characterization of basic features of Ca2+-triggered release at the
active zone of cerebellar mossy fibre boutons. In particular, the following obser-
vations were made:
• endogenous fixed buffers in the cerebellar mossy fibre boutons have low
Ca2+-binding capacity that assures rapid clearance of calcium ions from
the active zone during high-frequency firing;
• low Ca2+-binding capacity of endogenous fixed buffers is essential for forma-
tion of Ca2+ microdomains with high amplitudes and large spatial extent;
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• mobile buffers at cerebellar mossy fibre boutons have slow, EGTA-like Ca2+-
binding kinetics which prevents build-up of the intracellular calcium con-
centration during high-frequency firing;
• weak endogenous fixed calcium buffers speed active zone calcium signalling
and enable highly synchronous release, thus allowing high rate of synaptic
transmission at cerebellar mossy fibres.
In the future, this active zone model can be further improved and might serve
as a toolkit for other studies investigating the mechanism of neurotransmitter
release at various synapses.
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